. (2015). Simultaneous analysis of the Ballik-Ramsay and Phillips systems of C 2 and observation of forbidden transitions between singlet and triplet states. Journal of Chemical Physics, 142(6). doi:10.1063/1.4907530 Simultaneous analysis of the Ballik-Ramsay and Phillips systems of C 2 and observation of forbidden transitions between singlet and triplet states ) of C 2 up to v = 8 and J = 76, which were taken from the literature or assigned in the present work, were analyzed simultaneously by least-squares fitting with 82 Dunham-like molecular parameters and spin-orbit interaction constants between the b 3 Σ g − and X 1 Σ g + states with a standard deviation of 0.0037 cm −1 for the whole data set. As a result of the deperturbation analysis, the spin-orbit interaction constant A b X was determined as 6.333 (7) cm −1 and the energy difference between the X 1 Σ g + and a 3 Π u states was determined as 720.008(2) cm −1 for the potential minima or 613.650(3) cm −1 for the v = 0 levels with Merer and Brown's N 2 Hamiltonian for 3 Π states, which is about 3.3 cm −1 larger than the previously determined value. Due to this sizable change, a new energy-level crossing was found at J = 2 for v = 3 (F 1 ) of b 3 Σ g − state and v = 6 of X 1 Σ g + state, where the strong interaction causes a nearly complete mixing of the wave functions of the b 3 Σ g − and X 1 Σ g + states and the forbidden transitions become observable. Using the predictions of our deperturbation analysis, we were able to identify 16 forbidden transitions between the singlet and triplet states at the predicted frequencies with the expected intensities, which verifies our value for the energy difference between the X 1 Σ g + and a 3 Π u states. C 2015 AIP Publishing LLC.
I. INTRODUCTION
C 2 is ubiquitous in astronomical environments, flames, and carbon plasmas used to make nanostructures. 1 Due to the presence of many low-lying electronic states in C 2 , various vibronic band systems, such as the Swan system (d 3 Π g -a 3 Π u ), the Phillips system (A 1 Π u -X 1 Σ g + ), and the Ballik-Ramsay system (b 3 Σ g − -a 3 Π u ), have been observed in the visible and infrared regions and studied extensively for a long time. 2 The congestion of the vibronic states in C 2 , as shown in Fig. 1 , often causes perturbations in the observed spectra due to interactions between the accidentally crossing rotational levels. These perturbations provide information on the energy difference between electronic states with different multiplicities and sometimes even locate unknown or dark electronic states. Historically, the perturbations observed for the Phillips system and the Ballik-Ramsay system were found to be due to the spin-orbit interaction between the X 1 Σ g + and b
3 Σ g − states, 3 and a deperturbation analysis located the a 3 Π u state 610 ± 5 cm −1 above the X 1 Σ g + ground state for the v = 0 vibrational energy levels, 4 or 716.24 ± 5 cm −1 for the potential minima of the two electronic states. 5 The small perturbations observed in the upper A 1 Π u state of the Phillips system also led to the prediction of a dark c 3 Σ u + state. [5] [6] [7] Finally, in 2006, Kokkin et al. 8 successfully observed the new d 3 Π g -c 3 Σ u + system by laser-induced fluorescence (LIF) a) Author to whom correspondence should be addressed. Electronic mail: jtang@okayama-u.ac.jp spectroscopy. 9 Interestingly, Nakajima and Endo 10 carried out a recent deperturbation analysis for the c 3 Σ u + , a 3 Π u , and A 1 Π u states for their observed LIF spectrum of the d 3 Π g -c 3 Σ u + system and the Swan system, which indicated that there are no significant level shifts caused by the spin-orbit interaction between v = 2 of A 1 Π u and v = 1(F 2 ) of c 3 Σ u + . The small perturbations observed previously for J = 19 and 21 of A 1 Π u (v = 2) of the Phillips system, which led to the well-known prediction of the c 3 Σ u + dark state, are in fact due to the interaction between v = 2 of A 1 Π u and v = 7(F 2 ) of a 3 Π u . As another example, many perturbations for the upper d 3 Π g state of the Swan system were attributed to vibronic interactions with two unknown B 1 ∆ g and B ′1 Σ g + states and high vibrational levels of the b 3 Σ g − and X 1 Σ g + states. 11 Later in 1988, Bernath and coworkers observed the B 1 ∆ g -A 1 Π u and B ′1 Σ g + -A 1 Π u systems in the infrared region. 12 The abnormal intensity enhancement observed in the Swan system for the d 3 Π g , v = 6 vibrational level (the so called high pressure bands) was proposed to be caused by the perturbation of an unknown 1 5 Π g dark state. 13 In 2011, Bornhauser et al. 14 15 of the Ballik-Ramsay system near the perturbation. As a result, the deperturbation analysis for the spin-orbit interaction constants between the X 1 Σ g + and b 3 Σ g − states was improved by the inclusion of a higher-order term. 16 In all these previous analyses, effective molecular constants for each vibrational level were determined first with the "unperturbed" transitions of the Ballik-Ramsay system, and the deperturbation was carried out by analyzing the shifts of the "perturbed" transition frequencies from the values calculated with the effective molecular constants obtained from the "unperturbed" transitions. Then, a Dunham-like vibrational expansion of the molecular constants was obtained by analysis of the effective molecular constants for the various vibrational levels, and the energy difference and the spin-orbit interaction constants between the X 1 Σ g + and b 3 Σ g − states were derived by a deperturbation analysis. These analyses have omitted the vibronic interaction for the "unperturbed" transitions near the "perturbed" transitions, which means that the effective molecular constants for the "unperturbed" transitions are, in fact, affected partly by the backgroundlike vibronic interactions. In addition, the derived energy difference and the spin-orbit interaction constants are also affected by the incomplete shift of the "perturbed" transition frequencies. In other words, these previous analyses are only a partial deperturbation.
In the analysis of the pure rotational transitions of MgO within the X 1 Σ and a 3 Π states, 17 a simultaneous deperturbation for all the transitions involving the X 1 Σ, a 3 Π, and A 1 Π states was successful by fitting a set of molecular constants with vibrational expansions, the spin-orbit interaction between X 1 Σ and a 3 Π, and the orbit-rotation interaction between X 1 Σ and A 1 Π and by using calculated vibrational overlap integrals and ⟨v A |B(r)|v X ⟩. In a similar analysis, in the present study, we analyzed all the transitions ("perturbed" and "unperturbed") simultaneously for the Phillips system and the BallikRamsay system of C 2 directly using Dunham-like molecular constants with vibrational expansions. The more complete deperturbation for C 2 resulted in a new energy difference of
from the previous value, which led to the discovery of a new level-crossing with a very strong perturbation. Eventually, the forbidden transitions between the singlet and triplet electronic states were found at this level crossing, which in turn confirmed our new value of the singlet-triplet energy difference.
II. DATA SET FOR ANALYSIS
The data used for the present analysis, about 6229 lines (16 lines due to forbidden transitions are included), were partly taken from previous studies and partly assigned in this work, as summarized in Table I with a spectral resolution of 0.026-0.040 cm −1 . In the present work, we assigned the rest of 3368 lines for 11 bands of the Phillips system and 12 bands of the Ballik-Ramsay system, as shown in Table I , and the satellite branches for the v ′ -v ′′ = 1-0, 2-1, 3-2, 0-1, 1-2, 2-3, and 3-4 bands of the Ballik-Ramsay system with interconnections between the different F levels from the FTIR spectrum of Ghosh et al. 21 with a spectral resolution of 0.02 cm −1 and from the FTIR spectrum of Douay et al. 19 Previously, Yan et al. observed the v ′ -v ′′ = 0-1, 1-2, 2-3 bands of the Ballik-Ramsay system by laser spectroscopy with magnetic rotation. 22 The bands associated with v = 4 of a 3 Π are mostly assigned in our present analysis. The complete line list used is available online as supplementary material. 23 We have also assigned several bands associated with v = 5 and 6 of a 3 Π as shown in the supplementary material, but they were not included in the present deperturbation analysis due to some new perturbations other than the ones considered in this work, which may be caused by the interactions with the c 3 Σ u + state. The deperturbation analysis is still under way for a future publication.
III. DEPERTURBATION ANALYSIS
The standard energy level expressions for the
in which T e is the electronic energy, x = J (J + 1), and 
The matrix elements of the effective N 2 Hamiltonian for the a 3 Π u and b 3 Σ g − states using Hund's case (a) basis functions 0 
 ,
where A is spin-obit constant, γ is spin-rotation constant, λ is spin-spin interaction constant, o, p, and q are Λ-type doubling constants, and H is a higher order centrifugal distortion constant. These parameters are further expanded by vibrational quantum number (v + 1/2) as
The spin-orbit interaction between the b 3 Σ g − and X 1 Σ g + states is expressed as
⟨v b |v X ⟩ is an overlap integral and is calculated with Le Roy's "RKR" and "LEVEL" programs. 26 A 1 and A 2 represent effective second-order interaction constants. We set A 1 to a constant A bXD in the analysis without considering A 2 , which cannot be determined independently as shown in Ref. 16 .
The least-squares fitting with 82 molecular constants was carried out simultaneously for the 6229 transitions of the Ballik-Ramsay system and the Phillips system with a standard deviation 0.0037 cm −1 for the residuals. The molecular constants obtained and a comparison with the previous work is shown in Table II 
Present work Douay et al. 19 Chan et al. 20 Present work Douay et al. 19 Chan et al. 20 T 
Present work
Amiot et al. 15 Tanabashi et al. 28 Present work Amiot et al. 15 Roux et al. 16 T (2) Inclusion of several small molecular constants, γ A and ζ AD for a 3 Π u , and δ γ for b 3 Σ g − , in the least-squares fitting did not improve the overall standard deviation significantly and made other constants uncertain due to parameter correlation; they were set to zero in the final analysis. For the a 3 Π u state up to v = 4, many higher-order expansions of the Λ-type doubling constants q v and q Dv with a slow convergence in the (v + 1/2) n dependence, as shown in Table II , are required for the fit even when we remove the bands associated with v = 4 of a 3 Π u , which may indicate that there are some small perturbations from other states, probably v = 0 of the c 3 Σ u + state as seen in Fig. 1 . The v = 5 and 6 of a 3 Π u bracket v = 0 of c 3 Σ u + in energy, and much more prominent perturbations with opposite directions for the frequency shifts for the bands associated with v = 5 and 6 of a 3 Π u , as shown in the supplementary material, 23 may be explained by the interactions among the three states, which will be discussed in a future paper.
IV. LEVEL CROSSINGS FOR POTENTIAL FORBIDDEN TRANSITIONS
By setting the spin-orbit interaction constants A bX and A bXD to zero, we can calculate the frequency shifts due to the spin-orbit interaction, i.e., the magnitude of the perturbation. In Table III , we list the lines with perturbations larger than 0.1 cm −1 . These perturbed lines were all known from previous studies 15 except for the lines involved with the energy level crossing at J = 2 for v = 3(F 1 ) of b 3 Σ g − and v = 6 of X 1 Σ g + (Fig. 2) , which was thought previously to have a crossing only at J < 0 (in other words, not strongly perturbed). For example, the assigned transition for J = 3-2 and v = 4-6 of the Phillips system by Douay et al. 19 showed no perturbation. With the calculation in the present analysis, the energy difference at J = 2 between v = 3(F 1 ) of b 3 Σ g − and v = 6 of X 1 Σ g + is only 0.07 cm −1 without considering the spin-orbit interaction, and the two energy levels are shifted apart by about ±0.5 cm −1 with the 0.89 cm −1 spin-orbit interaction. This nearly degenerate perturbation makes the wave functions of the singlet and triplet states mix almost completely, which should result in the corresponding forbidden transitions having FIG. 3. Forbidden transitions due to the energy level crossing. The upper forbidden transition is associated with the allowed transition of the Phillips system, and the lower forbidden transition is associated with the allowed transition of the Ballik-Ramsay system. similar intensities to the allowed ones. According to the deperturbation analysis, at the level crossing for J = 2, the mixed wave functions have a 57% contribution from the parent state and a 43% contribution from the perturber. Therefore, the intensity borrowing from the allowed transition makes the forbidden transition in Fig. 3 have an intensity ratio of 43%:57% = 0.75. 3 Σ g − and v = 6 of X 1 Σ g + , a level crossing at J = 14 was known previously (Fig. 2) , which has a 2.75 cm −1 energy difference without considering the spin-orbit interaction. Our deperturbation analysis showed that the same 0.89 cm −1 spin-orbit interaction makes the energy levels shift apart by about ±0.15 cm −1 , and the intensity borrowing from the allowed transitions makes the forbidden transitions have an intensity ratio of 0.06.
The level crossing at J = 52 for v = 1( which leads to an intensity ratio of 0.33 for the forbidden to the allowed transitions. However, the assignment for J = 52-52(F 3 ) of v = 1-0 and 1-1 bands in the Ballik-Ramsay system by Roux et al. 16 showed a perturbation shift of 1.0 cm −1 , which is inconsistent with our calculated shift of 1.5 cm −1 (see the supplementary material 23 ) and is an erroneous assignment.
V. ASSIGNMENT OF THE FORBIDDEN TRANSITIONS
In Sec. II, we have assigned several bands of the Ballik-Ramsay system by using a Fourier transform emission spectrum in the range of 1800-4000 cm −1 with a spectral resolution of 0.02 cm −1 taken previously with the discharge of a CH 4 and He mixture for the study of the CH radical. 21 A small portion of the spectrum (Fig. 4) . This pair of allowed and forbidden transitions shows comparable intensity (Fig. 5(a) ) as predicted in Sec. IV, and the wavenumber of the forbidden transition is also consistent with the prediction to within 0.02 cm −1 , which was reduced further to less than 0.01 cm −1 by adding this transition to the least-squares fit. Also, the forbidden transition at 3591.741 cm −1 (Fig. 5(b) ) with J = 2-2 for v = 6 of X 1 Σ g + and v = 4(F 1 ) of a 3 Π u was assigned within the predicted wavenumber range: the line is slightly weaker than the corresponding allowed transition at 3592.885 cm −1 with J = 2-2 for v = 3(F 1 ) of b 3 Σ g − and v = 4(F 1 ) of a 3 Π u . By checking in the v = 3-2 and 3-1 bands of the Ballik-Ramsay system in the spectrum of Ref. 19 , six more forbidden transitions were assigned as listed in Table III and two of them are shown in Fig. 6 .
At the level crossing at J = 14 for v = 3(F 3 ) of b 3 Σ g − and v = 6 of X 1 Σ g + , six forbidden transitions for v = 6-1(F 3 ), 6-2(F 3 ), and 6-4(F 3 ) between X 1 Σ g + and a 3 Π u were assigned
